Treatment of 12-day-old winter wheat (Triticum aestivum) plants with BASF 13-338 {4-chloro-5(dimethylamino)-2-phenyl-3(2H)-pyridazinone} 36 hous before frost hardening simultaneousy and completely inhibit accumulation of linolenic acid in the roots during the hardening period and the acquiition of frost resistance. Increased asaturation of fatty acids is therefore probably an important part of the mechanism of cold adaptation in winter wheat.
Although linolenic acid content greatly increases in the roots of winter wheat during frost hardening, it accumulates to the same extent in cultivars showing a large difference in frost resistance (3, 7, 12) . Increased unsaturation of membranes does not seem directly involved in the cold-hardening process in winter wheat. However, the close correlation between percentage of linolenic acid and degree of frost resistance during both hardening and dehardening of the hardy winter wheat cultivar Kharkov (unpublished data) casts doubt on this conclusion. It is possible that linolenic acid accumulation is a prerequisite to hardening, but that all cultivars have acquired this characteristic and that less hardy cultivars have their frost resistance limited by other factors.
To test this hypothesis an attempt was made to prevent frost hardening of winter wheat by specifically blocking linolenic acid synthesis during the hardening period by treating the plants with 4 -chloro-5(dimethylamino)-2-phenyl-3(2H)-pyridazinone (Sandoz 9785, BASF 13-338). St. John and Christiansen (9) showed that treatment of germinating cotton seeds with this compound reduced both the tolerance of the seedlings to chilling and the low temperature-induced increase in linolenic acid content of the polar lipids in the root tips.
MATERIALS AND METHODS
Winter wheat (Triticum aestivum, cv. Kharkov) was grown and hardened as described previously (11 contained 15 seedlings and 400 g of sand-vermiculite (1:1, v/v). During hardening the humidifier was stopped. Before and during hardening the frost resistance of the plants was tested by controlled freezing. The plants were cut above the crown and the pots were transferred to a programmed freezer (12) . The temperature was lowered at a rate of 2 C/hr, equilibrated for 12 hr at -4 C, and kept for 2 hr at each test temperature. At the end of each pause pots were withdrawn and allowed to thaw slowly for 36 hr at 4 C. Survival counts were made after 3 weeks of recovery under initial growth conditions. Frost hardiness was expressed as the temperature at which 50% of the plants died (killing temperature, LT5o).
Twelve days after sowing and 36 hr before being moved to the hardening chamber, the plants were treated with BASF 13-338 at a concentration of 5 ,ug/g of sand-vermiculite mixture. The compound was dissolved in 95% ethanol and the solution was diluted with water to a working concentration of 4 mg/100 ml (0.16 mM) in 0.32% ethanol. The plants were drenched with 50 ml/pot of this solution. Controls were drenched with 50 ml of 0.32% ethanol.
At various times of hardening samples from treated and untreated pots were analyzed separately. The lipids were extracted from 2 g of root and crown tissue and 0.5 g of shoot tissue as described earlier (11, 12) , and their fatty acids determined by GLC according to Grenier et al. (4) . Chl was measured on separate 0.5-g shoot samples as described by Arnon (1) . One sample from each pot was used for dry weight determination. Lipid phosphorus was determined by the method of Bartlett (2) as modified by Kates (6) .
In a first experiment root fatty acids and lipid phosphorus were measured in triplicate samples after 0, 14, and 28 days of hardening. Frost hardiness was measured after 12 days of hardening by freezing two pots at each test temperature. In a second experiment dry weight, fatty acids, and lipid phosphorus were determined on five root and shoot samples and Chl on five separate shoot samples after 0 and 14 days of hardening. LT,, was also determined on these two sampling dates by freezing five pots at each test temperature.
RESULTS
No symptoms of phytotoxicity were observed 36 hr after treatment with BASF 13-338 at the time when the plants were moved to the hardening chamber. In experiment 2, many leaves of the treated plants were bent over at the base after 14 days of hardening. This symptom was absent in experiment 1, even after 28 days of hardening. Chlorosis and loss of turgor were never noticed.
In both experiments, 36 hr of exposure to BASF 13-338 prior to hardening completely inhibited frost hardening (Table I) 14 days, respectively, LT50 was lowered in the control plants to -15.4 C in experiment 1 and -18.0 C in experiment 2. Treated plants were all killed at -10 C in experiment 1, and only 12% survived -6.5 C in experiment 2.
During the first 14 days of hardening, per cent dry weight increased markedly in the roots and shoots of the control plants but only slightly in the treated plants (Table II) . This reflects the much greater dry weight of control plants as compared to treated plants after 14 days. On a fresh weight basis, lipid phosphorus increased in the control plants during the first 14 days of hardening, especially in the roots. In the treated plants, lipid phosphorus decreased in the roots, and in the shoots increased less than in the control plants. Treatment with BASF 13-338 had little effect on total Chl content and on Chl a to Chl b ratio.
In the roots of the control plants the percentage of linolenic acid increased markedly during hardening in experiment 1 (Table III). In the treated plants the percentage of linolenic acid was already greatly reduced after 36 hr of treatment, at the beginning of the hardening period, and decreased further during hardening. In contrast, linoleic acid content increased during the same period. These changes are best described by the ratio of linolenic acid to linoleic acid which increased in the control plants from 0.76 to 1.18 during hardening, while it decreased in the treated plants to 0.51 before hardening and further to 0.36 during hardening. Palmitic, stearic, and oleic acids were less affected by hardening and treatment with BASF 13-338 than linoleic and linolenic acids. Total fatty acids greatly increased in the controls during hardening while they decreased markedly in the treated plants before hardening and further during hardening. The same trends were observed, although to a somewhat lesser extent, in experiment 2.
In the shoots the percentage of linolenic acid showed no increase in the control plants during hardening (Table IV) . In the plants treated with BASF 13-338, a distinct decrease in the percentage of linolenic acid was observed before hardening, and a further decrease during hardening with a concurrent large increase in the percentage of linoleic acid. The ratio of linolenic acid to linoleic acid, which decreased slightly in the controls during hardening, decreased markedly after treatment with BASF 13-338. The levels of the other fatty acids were but little affected by hardening and treatment, except for trans-3-hexadecenoic acid which decreased in the controls but increased in the treated plants. The content in total fatty acids increased somewhat in the shoots during hardening, but was not affected by the treatment.
DISCUSSION
The observation that treatment with BASF 13-338 simultaneously and completely inhibits the acquisition of frost resistance and the accumulation of linoleic acid in winter wheat roots during the hardening period (Table I) gives strong support to the hypothesis that increased unsaturation of fatty acids is an important part of the mechanism of cold adaptation in winter wheat. As this increase occurs in both hardy and less hardy cultivars (12) it does not explain the differences in frost hardiness between cultivars. The factors limiting hardening in a less hardy cultivar like Champlein must, therefore, be sought elsewhere.
BASF 13-338 does more than simply block the accumulation of linolenic acid in the roots during hardening. It blocks as well most of the increase in the percentage of dry weight in roots and shoots (Table II) . The treatment also causes a decrease in root lipid phosphorus (Table II) and total fatty acids (Table III) while they increase in the control plants during hardening. It is therefore not established whether BASF 13-338 achieves inhibition of hardening only via inhibition of linolenic acid synthesis or also via other processes. The inverse changes in the percentages of linoleic and linolenic acids while the percentages of the other fatty acids are but little affected, strongly suggest that BASF 13-338 inhibits specifically the linoleic acid desaturase without influencing the rate of unsaturation of the other fatty acids. However, the large decrease in total fatty acids caused by BASF 13-338 shows that fatty acid biosynthesis may also be affected at other steps than linoleic acid desaturation. The increase in trans-3-hexadecenoic acid in the shoots after treatment is interesting. The decrease in linolenic acid in the roots of the treated plants while the level of this fatty acid increased during hardening in the control plants shows that BASF 13-338 almost completely blocks linolenic acid synthesis and gives an approximate measure of linolenic acid turnover rate during hardening.
It should be noted that a decrease in the percentage of linolenic acid may influence membrane characteristics by other ways than decreased unsaturation, e.g. by way of a shift in the proportion between lipid classes such as phospholipids and galactolipids. The changes in the root content in total fatty acids, linolenic acid, and lipid phosphorus parallel each other during hardening in presence or absence of the inhibitor.
The lack of effect of BASF 13-338 on Chl content of the shoots has already been observed by St. John (8) . Our data show no increase in linolenic acid percentage in the shoots during hardening and confirm our previous observations (12) and those of Wilson and Crawford (13) . However, linolenic acid increases in the phospholipids of the shoots during hardening, but this increase is masked in total lipids because of the predominance of chloroplast linolenic acid-rich galactolipids (12, 14) . Our results (12, and this paper) show however that contrary to the opinion of St. John and Christiansen (9), low temperature can significantly alter fatty acid unsaturation in relatively mature tissue under conditions where growth is very limited, presumably because under hardening conditions membrane synthesis is very active (11) .
Substituted pyridazinones have been used in the past to inhibit chloroplast development. It was assumed that the primary effect of the inhibitors was on carotenoid biosynthesis (10) and that Chl photooxydation and inhibition of the synthesis of Chl chloroplast membranes, galactolipids, and linolenic acid were secondary effects. In winter wheat and cotton (9) , the linoleic acid desaturase appears to be the primary target. Our results give further support to the suggestion by Hilton et al. (5) that in the chloroplast, even if inhibition of carotenoid biosynthesis is well established (10) , inhibition of linolenic acid biosynthesis is also a direct effect of these compounds.
The possibility that the inhibition of hardening in winter wheat by was the same after 28 days of hardening in controls and treated plants. In addition, preliminary results showed that BASF 13-338 did not prevent survival and initial regrowth of unhardened plants which were cut off above the crown 36 hr after the treatment but were not exposed to freezing.
Our results confirm those of St. John and Christiansen (9) who observed in cotton seedlings simultaneous inhibition by the same compound of linolenic acid synthesis in the root tips and reduction of chilling resistance, and extend their conclusion to frost resistance. As we treated 12-day-old plantlets only 36 hr before hardening, the complicating phytotoxic effects of BASF 13-338, observed by St. John and Christiansen (9) on rapidly developing cotton seedlings, were minimized.
The various substituted pyridazinones used by St. John (8) to study the role of galactolipids and their fatty acids in the structure and function of chloroplast membranes are also excellent tools for the study of the control of desaturation of fatty acids at low temperature and of the role of unsaturated fatty acids in frost resistance.
